Objective: Most people with Parkinson disease (PD) eventually develop cognitive impairment (CI). However, neither the timing of onset nor the severity of cognitive symptoms can be accurately predicted. We sought plasma-based biomarkers for CI in PD. Methods: A discovery cohort of 70 PD patients was recruited. Cognitive status was evaluated with the Mattis Dementia Rating Scale-2 (DRS) at baseline and on annual follow-up visits, and baseline plasma levels of 102 proteins were determined with a bead-based immunoassay. Using linear regression, we identified biomarkers of CI in PD, that is, proteins whose levels correlated with cognitive performance at baseline and/or cognitive decline at followup. We then replicated the association between cognitive performance and levels of the top biomarker, using a different technical platform, with a separate cohort of 113 PD patients. Results: Eleven proteins exhibited plasma levels correlating with baseline cognitive performance in the discovery cohort. The best candidate was epidermal growth factor (EGF, p < 0.001); many of the other 10 analytes covaried with EGF across samples. Low levels of EGF not only correlated with poor cognitive test scores at baseline, but also predicted an 8-fold greater risk of cognitive decline to dementia-range DRS scores at follow-up for those with intact baseline cognition. A weaker, but still significant, relationship between plasma EGF levels and cognitive performance was found in an independent replication cohort of 113 PD patients. Interpretation: Our data suggest that plasma EGF may be a biomarker for progression to CI in PD.
P
arkinson disease (PD) is a common neurodegenerative disease affecting dopaminergic neurons of the substantia nigra, resulting in symptoms of bradykinesia, rigidity, and tremor. Over time, however, the disease process spreads throughout many brain regions, 1 and cognitive symptoms almost inevitably develop. [2] [3] [4] Up to 83%
of PD patients develop dementia during their disease course. measures 9, 10 and genotype at the apolipoprotein E gene (APOE) 11 or microtubule associated protein tau gene (MAPT) 12 may be broadly informative of the risk of developing CI in PD, and PDD may demonstrate reduced cerebrospinal fluid (CSF) levels of Ab1-42, 13 a plasmabased biomarker for the risk of CI or dementia in PD, usable at the individual level, is urgently needed.
In the present study, we evaluated levels of 102 plasma-based proteins for correlation to cognitive performance at baseline and over a median follow-up period of 21 months. We identified 11 potential biomarkers of CI in PD, with epidermal growth factor (EGF) demonstrating the most robust signal. Strikingly, low EGF levels were also predictive of a greatly increased risk of conversion to PDD-range cognition during follow-up and may implicate EGF in a new pathway in the development of dementia in PD.
Patients and Methods

Plasma Sampling and Biomarker Quantitation
For the discovery set, 70 patients aged !60 years with a diagnosis of idiopathic PD based on British Brain Bank criteria 14 were recruited to the University of Pennsylvania Udall Center without bias toward high or low cognitive function, with the exception that subjects meeting criteria for dementia with Lewy bodies 15 were excluded. For the replication set, 113 additional patients were subsequently recruited in the same manner as the discovery set (next consecutive recruits to our study center). Whole blood samples from all patients were obtained under institutional review board approval (ethylenediaminetetraacetic acid [EDTA] 10.8mg, 5ml tubes), placed immediately on ice, spun down for plasma aliquoting (3,000rpm, 5 minutes, 4 C, 0.5ml aliquots), and frozen at À80 C within the same day.
Plasma aliquots were then stored at À80 C until analysis. Collection site and specimen processing were uniform for all samples in both patient cohorts. Simultaneous screening of 151 proteins by multiplex immunoassay on the Human DiscoveryMAP panel using a Luminex100 platform was then performed for discovery cohort samples, in 1 batch, by Rules-Based Medicine, Inc. (RBM, Austin, TX), as previously described, 16 and reviewed recently. Additional details are available from RBM (http://www.rulesbasedmedicine.com) and in the Supplementary Methods. Of the 151 proteins in the RBM Human DiscoveryMAP panel, 102 proteins passed our quality control measures (<20% of samples below lowest reliable value as given by RBM, <40% coefficient of variation across technical triplicates) and were used (Supplementary Table) . For confirmation of EGF values, separate aliquots of samples previously run on the multiplex immunoassay were quantified on an EGF enzyme-linked immunosorbent assay (ELISA, R&D Systems, Minneapolis, MN). The same ELISA assay was used to measure plasma EGF levels in the replication cohort.
Cognitive Tests
The Mattis Dementia Rating Scale-2 (DRS) 17 was used to evaluate cognition in study patients. [18] [19] [20] [21] A raw score was obtained and adjusted for age as previously described. 22 We used an ageadjusted score cutoff of 5 for cognitive performance in the PDD range, following recommended criteria in the DRS manual, 17 also validated in PD patients. 19 All subjects had baseline DRS testing within 6 months of plasma draw; 61/70 subjects had DRS testing on the same day as the plasma draw-the 9 individuals who were tested on a different day fell into all 4 quartiles of EGF values; 61/70 subjects had subsequent DRS testing during a median follow-up of 21 months.
APOE Genotyping
DNA was extracted from EDTA blood samples using commercial reagents (FlexiGene, Qiagen, Valencia, CA). Two single nucleotide polymorphisms (SNPs) (rs7412 and rs429358) in APOE were genotyped using allelic discrimination assays with TaqMan reagents (Applied Biosystems, Foster City, CA) on an ABI 7500. The APOE genotypes (e2, e3, and e4) were assigned by incorporating the genotyping results from both SNPs into an algorithm.
Statistical Analyses
Linear regression analyses evaluating the association of levels of each protein to age-adjusted DRS scores were performed in R. Full details are in the Supplementary Methods. In brief, the model used for discovery screening designated age and gender as covariates and evaluated the association of each protein individually to DRS scores. For the top 11 proteins, we further evaluated the association between each protein and the DRS score in models incorporating additional covariates such as Unified Parkinson Disease Rating Scale (UPDRS) motor score or disease duration, because these factors are known to be associated with cognitive impairment. Of note, for EGF, our top analyte, the best multivariate model by a forward stepwise approach designated EGF as the independent variable, ageadjusted DRS as the dependent variable, and age and sex as covariates with no interaction terms. Hence, this was used as the final model for the discovery set. In addition, for EGF, we performed secondary analyses incorporating medications (as yes/no categorical factors) and APOE genotype as covariates to evaluate whether these factors affected the association between EGF levels and cognitive performance. The Partek Genomics Suite was used to perform hierarchical cluster analysis (Euclidean distance) of coexpression among the top 11 proteins, and to generate graphics (Partek, St Louis, MO). Survival curves were compared with log-rank tests. To evaluate the effects of baseline DRS performance, age, and gender on the relationship between EGF quartile and conversion to PDD-range DRS, Cox proportional hazards models were used. All statistical tests were 2-sided.
In the replication cohort, as in the discovery cohort, linear regressions were used to evaluate the relationship between DRS performance and EGF levels, as well as other potential variables (age, sex, UPDRS motor score) affecting cognitive Discovery cohort: 70 patients had plasma samples drawn within 6 months of testing with the Mattis DRS-2. Of these patients, 16 (23%) had age-adjusted DRS scores of 5 or less, indicating PDD-range performance. Age at plasma draw, age at disease onset, disease duration, UPDRS motor score, gender, medication regimens, and APOE genotypes were not significantly different between the 2 groups. Replication cohort: A subsequent set of 113 consecutive patients had plasma samples drawn within 6 months of testing with the DRS. Of these patients, 13 (12%) had age-adjusted DRS scores of 5 or less, indicating PDD-range performance. Age at plasma draw, disease duration, UPDRS motor score, gender, and use of dopamine agonists differed between the 2 groups. Age at onset, use of L-dopa, and APOE genotypes were not significantly different between the 2 groups. Of note, medication information was available for 12/13 patients with DRS 5 and 91/100 patients with DRS >5. APOE genotypes were available for 12/13 patients with DRS 5 and 88/100 patients with DRS >5. 
DRS
Results
Study Cohorts
Seventy PD patients were used in the discovery phase of the study, and 113 patients were used in the replication phase, with the total 183 patients representing consecutive study recruits. In the initial cohort of 70, 16 (23%) had cognitive scores within the PDD range (age-adjusted DRS 5), and 54 did not (age-adjusted DRS >5); age, gender, age at disease onset, disease duration, UPDRS motor scores, use of dopaminergic agents, and APOE genotypes were similar between these 2 groups (Table 1 ).
In the replication cohort, 13/113 (12%) had PDDrange cognitive scores. Unlike in the discovery cohort, in this case, the PDD-range individuals were more likely to be male (p ¼ 0.016), to be significantly older (p ¼ 0.029), to have a longer disease duration (p ¼ 0.002), and to have higher UPDRS motor scores (p ¼ 0.023) than the nondemented individuals. They were also less likely to be on dopamine agonists (p ¼ 0.002); use of Ldopa and APOE genotypes were similar to nondemented individuals (see Table 1 ).
Identification of Biomarkers for Cognitive Impairment in PD
Using our discovery cohort, we evaluated levels of 102 proteins individually for correlation with age-adjusted DRS, using linear regression in a model adjusting for age and gender. Eleven proteins showed correlations between plasma levels and DRS score (p < 0.05), with EGF (p < 0.001) and CD40 ligand (p ¼ 0.006) demonstrating the most significant associations (Table 2) . Moreover, most of these 11 proteins covaried across samples, with EGF, CD40 ligand, thrombospondin-1, PAI-1, and PDGF forming 1 cluster with particularly correlated expression (Fig 1) . In addition, the association between cognitive test performance and plasma protein levels persisted for EGF, CD40 ligand, and heparin-binding EGF (HBEGF) in models that accounted for either disease duration or UPDRS motor scores, in addition to age and gender (see Eleven of 102 proteins screened showed correlations between plasma level and age-adjusted Mattis Dementia Rating Scale-2 (DRS) scores (nominal p < 0.05) in linear regression models with age and gender as covariates (Model 1). Square of correlation coefficient (R 2 ) and direction of association (Dir, with þ indicating a higher expression value correlating with higher DRS performance) are shown for Model 1. Of these 11 proteins, levels of 2 proteins (EGF and HBEGF) showed significant correlations, and one additional protein (CD40 ligand) showed near-significant correlation with age-adjusted DRS scores in 2 additional models, including either disease duration (Model 2) or Unified Parkinson Disease Rating Scale motor scores (Model 3) as additional covariates. Note the preponderance of growth factors among proteins associated with cognitive performance. Table 2 ). Interestingly, HBEGF expression was not correlated with EGF expression, despite both demonstrating relationships with cognition, implying differential regulation of these 2 proteins. Finally, plasma levels of the soluble receptors for EGF and CD40 ligand-EGF receptor (EGF-R) and CD40-were neither associated with DRS scores, nor correlated with expression of their ligands (see Table 2 , Fig 1) .
ANNALS of Neurology
Plasma EGF as a Candidate Biomarker for CI in PD Following this initial screen, we focused on EGF as the top analyte correlated with cognitive performance in PD. Accordingly, we further investigated aspects of EGF as a candidate biomarker for CI in PD. To do this, we used an ELISA to measure plasma EGF levels on 24 samples from our discovery cohort with same-day duplicate plasma aliquots. Cross-platform correlation of EGF levels by ELISA was excellent across the 24 samples (r 2 ¼ 0.76, Fig 2A) , indicating that EGF is technically robust as a biomarker for CI in PD.
In the initial analyses, DRS scores were treated as a continuous variable. Dichotomizing scores into PDD range (age-adjusted DRS 5) and non-PDD range (ageadjusted DRS >5), we evaluated whether levels of our top plasma analyte (EGF) could serve as a classifier for PDD-range DRS. However, tradeoffs between specificity and sensitivity limited the utility of EGF as a classifying biomarker for baseline PDD-range performance, with a maximum classification accuracy of 79%.
Plasma EGF Levels Predict Cognitive
Decline in PD Follow-up DRS testing was available for 61/70 discovery samples, with a median follow-up of 21 months and interquartile range (IQR) of 13 to 26 months. We next determined if baseline EGF levels predicted conversion from non-PDD-range DRS scores to PDD-range DRS scores (ie, 5) among subjects with age-adjusted DRS scores > 5 at baseline. Strikingly, survival analyses of time to PDDrange showed markedly different outcomes for those subjects with the lowest plasma EGF levels (see Fig 2B) . Specifically, non-PDD-range subjects with EGF levels in the lowest quartile (Quartile 1, see Fig 2C) were eight times more likely to convert to PDD range, with a median conversion time of 14 months (p < 0.001; hazard ratio, 8.34; 95% confidence interval [CI], 4.26-122.90). The other 3 quartiles of EGF levels did not differ significantly from each other (see Fig 2B) . The association between EGF quartile and risk for conversion persisted in models adjusting for age and baseline DRS score (p ¼ 0.033 for EGF quartile; hazard ratio, 4.95; 95% CI, 1.14-21.74, Supplementary Fig) or age, gender, and baseline DRS score (p ¼ 0.037 for EGF quartile; hazard ratio, 4.88; 95% CI, 1.10-21.74).
APOE Genotype and Medications Do Not Affect the Association between EGF Levels and Cognitive Performance
We next analyzed the effects of specific medications (Ldopa, dopamine agonists, antipsychotic medications, antidepressant medications, statins, cholinesterase inhibitors, memantine, and benzodiazepines) and APOE genotype on our findings. We found no effect of these variables on the association between EGF levels and DRS performance (Table 3 ). FIGURE 1: Expression of proteins with plasma levels associated with cognitive performance. Heat map represents plasma expression of 11 proteins whose levels correlated with baseline cognition (age-adjusted Mattis Dementia Rating Scale-2 [DRS] scores), as well as 2 additional proteins (CD40 and EGF-R, purple text) with receptor activity for CD40 ligand and epidermal growth factor (EGF), the top 2 proteins in our screen (red text). Of note, CD40 and EGF-R levels were not correlated with cognition, and plasma levels may not reflect the cell-bound fraction of these receptors. Hierarchical clustering (dendrogram on right side) indicates that many of the 11 cognition-associated proteins covary, with CD40 ligand, EGF, PAI-1, thrombospondin-1, and PDGF representing 1 cluster with particularly correlated expression. However, heparin-binding epidermal growth factor (HB-EGF) and EGF do not covary across samples, although they may act on the same receptor. Rows in the heat map represent expression levels of each protein (labeled on left side), with red denoting higher expression, blue denoting lower expression, and grey denoting intermediate expression. 
Correlation of Plasma EGF Levels and Cognitive Performance Persists in a Replication Cohort
To add confidence to our finding of a correlation between EGF levels and cognitive performance in the discovery cohort, we recruited an additional 113 PD patients, measured plasma EGF levels by ELISA, and tested cognitive performance with the DRS. Although there were significant unforeseen differences in the clinical characteristics of this second cohort, the correlation between plasma EGF levels and age-adjusted DRS scores persisted (p ¼ 0.035), with the same directionality. In the replication cohort, both gender and degree of motoric impairment (as reflected in UPDRS motor score) were significantly associated with cognitive performance, and the best multivariate model included these 2 factors, as well as interaction terms, with EGF levels as predictors of age-adjusted DRS score (Fig 3) .
Discussion
In the present study, we evaluated cognitive performance and plasma levels of 102 proteins in an initial discovery cohort of 70 PD patients. We identified 11 potential biomarkers of CI in PD, with EGF as our top biomarker, showing promise as a predictor of cognitive decline in PD. We then replicated the association between plasma EGF levels and cognitive performance in a separate cohort of 113 PD patients, using a different technical platform for measuring EGF.
Plasma EGF demonstrates several characteristics that make it attractive as a biomarker for CI in PD. First, as shown in our cross-platform comparison and use of 2 different technical assays in the discovery and replication cohorts, measurement of EGF levels is robust to differing assay techniques. Second, despite demographic and clinical differences between our discovery and replication cohorts, the relationship between plasma EGF levels and cognitive performance persisted. This last point may be particularly important, as many potential biomarkers fail to replicate in follow-up studies, presumably due to the considerable ''noisiness'' of clinical data, which leads to both false positives and false negatives.
In addition, the fact that plasma EGF levels have potential for serving as a predictor of cognitive decline in PD has both practical and mechanistic implications. On a practical level, such a predictive biomarker might prove quite useful in identifying at-risk populations for clinical intervention with trial therapeutic agents. On a mechanistic level, the fact that EGF levels are low in PD with CI and in PD at highest risk of developing CI suggests that EGF pathways may be implicated mechanistically in the development of CI and dementia in PD. Indeed, EGF has been reported as a neurotrophic factor supporting both adult subventricular zone neurons 23 and midbrain dopaminergic neurons 24 in models of PD and in human PD patients. Moreover, EGF-R signaling pathways may regulate the survival of midbrain dopaminergic neurons in PD models. 25 In our study, levels of both EGF and HBEGF-another protein reported to support dopaminergic neurons 26 -were correlated with cognitive function; yet expression levels of these 2 proteins were not correlated with each other across samples. This finding suggests that the effect observed (1) may be mediated by EGF-R, for which both EGF and HBEGF can serve as ligands; and (2) is not due to a confounder, which might be expected to affect EGF levels and HBEGF levels similarly across cases. It should be noted that although EGF-R levels measured in this study were not correlated with cognitive performance, our method would only quantify circulating EGF-R, which may not reflect levels of cell-bound receptor.
Given the association between plasma EGF levels and DRS scores, why was EGF not a better classifier for baseline cognition? Close scrutiny of patterns of EGF expression in our cohort reveals that many samples misclassified (using low EGF levels) as falling into the PDD range in fact convert to PDD-range cognitive performance in the follow-up period (see Fig 1, green arrows) . Thus, the very fact that low EGF levels are predictive of future cognitive decline may hamper utility as a classifying biomarker for baseline cognition. The implication of this observation is that low EGF levels precede the development of dementia in PD and that EGF signaling may be involved mechanistically in progression of cognitively normal PD patients to PDD.
Our replication cohort differed in several important ways from our discovery cohort. Both cohorts were recruited in the same manner, to the same center, as consecutive study subjects; their differences may reflect characteristics of patients more likely to join a research study earlier versus later. In any case, the relationship between plasma EGF and cognition was observed in both cohorts. It is worth noting, however, that the correlation only achieved statistical significance in the latter cohort after accounting for effects of gender and motor impairment. Although it is certainly possible that this is due to type I error in our discovery cohort, the more likely interpretation is that thorough analysis of effects of other factors on cognition in PD will be needed in follow-up studies, given the considerable variation among human subjects. Several caveats should be considered in interpreting our results. First, although we were able to replicate the cross-sectional association between EGF levels and cognitive performance, follow-up in the replication cohort (recruited after the discovery cohort) has been too short to assess whether the finding of low EGF levels as predictive of cognitive decline is also seen. Thus, future studies evaluating more PD patients with long follow-up periods would be a valuable addition to the data presented here.
One question that arises from our current study is whether the correlation between low EGF levels and poor cognitive performance is specific to PD. Although a thorough consideration of this question is outside the scope of this study, we found no association between EGF levels and APOE genotype, a risk factor for Alzheimer disease (AD), and we have not found EGF levels to differ significantly between AD patients and normal controls in CSF, 27 or in plasma (manuscript in preparation).
In summary, we used an unbiased screen of 102 proteins to identify potential biomarkers for CI in PD. Eleven proteins emerged from our screen, many showing coexpression with the top analyte, EGF. The correlation between plasma EGF levels and cognitive performance was replicated in an additional cohort of 113 patients, on a different technical platform. Finally, low levels of EGF were predictive of an 8-fold greater risk of conversion from non-PDD-range cognitive performance to PDD-range cognitive performance, with a median time to conversion of 14 months.
Although some studies have reported CSF biomarkers as potential indicators of risk for development of PDD, 13 to our knowledge, the current result is the first plasma-based, nongenetic risk factor for CI in PD. If confirmed by further studies, the measurement of EGF levels may be useful both as a clinical diagnostic tool and in the design of trials aimed at preserving cognition in PD. With PD affecting >500,000 individuals in the United States alone, and prevalence projected to double in the next 25 years, 5 the need for such tools cannot be overstated.
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